A CMOS chip-based approach is reviewed for fully electronic DNA detection. The electrochemical sensor principle used, CMOS integration of the required transducer materials, chip architecture and circuit design issues are discussed, respectively. Electrochemical and biological results obtained on the basis of medium density microarray sensor CMOS chips with 16 × 8 sensor sites prove proper operation.
INTRODUCTION
In a wide-spread area of biotech and medical applications tools are required for the parallel detection of specific DNA sequences in a given sample. Most prominent applications are genome research and drug development, while applications in the area of medical diagnosis are under development. Depending on the particular investigation, requirements range from simple "presence or absence" tests to quantitative analyses with a relatively high dynamic range and sensitivity.
So-called DNA microarrays [1] [2] [3] [4] [5] [6] , glass-, polymer, or silicon-based slides with an active area in the order of square millimeters to square centimeters, fulfill this request: There, different species of single-stranded DNA receptor molecules (probe molecules) are immobilized at predefined positions on the chip surface. To investigate a sample, the chip is flooded with the sample containing the target molecules. Complementary sequences of probe and target molecules hybridize, mismatching probe and target molecule do not bind. Finally, after a washing step, double-stranded DNA is obtained at the match positions, and single-stranded DNA (i.e. the probe molecules) remain at the mismatch sites. The information whether double-or single-stranded DNA is found at a given test site reveals the composition of the sample, since the probes and their positions on the chip are known. Consequently, sites with double-stranded DNA or the amount of double-stranded DNA at the different sites, respectively, must be identified.
Commercially available state-of-the art DNA microarray chip systems use optical detection techniques for that purpose [1] [2] [3] [4] [5] [6] . By avoiding the relatively expensive and complicated optical set-ups required there, electronic readout techniques in principle allow more robust and easier operation. However, so far their status of development is lower.
Electronic approaches aiming for low density investigations (i.e. for applications with a low number of sensors sites, e.g. of order 10), usually use a suitable bio-compatible chip substrate material carrying the electrical transducer. The electrical terminals of each on-chip sensor are directly connected to an off-chip reader system. Such "passive chips" represent a cost-effective solution as long as only few sites per investigation are required. In case higher numbers of test sites per chip are required this approach runs into an interconnect problem: The increasing amount of interconnects lowers the available area per contact pad on-chip, so that contact reliability and yield decrease. Moreover, the limited available total chip area leads to a decreasing area per sensor which translates into decreasing signals.
To escape these drawbacks active on-chip circuitry is required, allowing to amplify and to process the weak sensor signals in the direct proximity of the sensors, and to communicate with the reader system on the basis of a low number of interconnects independent of the number of test sites per chip. Note, that although the costs per chip are higher in case of active chips, the costs per data point decrease, so that these represent the technically and economically better choice compared to their passive counterparts in case of medium and high density applications (Table 1) .
In [7] [8] [9] [10] [11] , the development of fully-electronic medium-density CMOS-based DNA microarrays is described. In the following chapters, we review the electrochemical sensor principle used, CMOS integration of the required transducer materials, chip architecture and circuit design issues, and consider electrochemical and biological results, respectively.
SENSOR PRINCIPLE
The electrochemical sensor principle used is schematically depicted in Fig. 1 . It is based on an electrochemical redox-cycling technique [12] [13] [14] . A single sensor (Fig. 1, left) consists of interdigitated gold electrodes (generator and collector electrode). Probe molecules are spotted and immobilized (e.g. by means of Thiol coupling) on the surface of the gold electrodes.
The target molecules in the sample which is applied to the chip are tagged with an enzyme label (Alkaline Phosphatase). After the hybridization phase and a subsequent washing phase, a suitable chemical substrate (p-Aminophenylphosphate) is applied to the chip. The enzyme label, only available at the sites where hybridization occurred, cleaves the phosphate group and the electrochemically active p-Aminophenol is generated (Fig. 1, right) . Applying simultaneously an oxidation and a reduction potential to the sensor electrodes (V gen and V col in Fig. 5 , e.g. +300 mV and -100 mV with respect to the reference potential), p-Aminophenol is oxidized to Quinoneimine at one electrode, and Quinoneimine is reduced to pAminophenol at the other one. The activity of these electrochemically redox-active compounds translates into an electron current at the gold electrodes (I gen and I col ). The related chemical processes at the label and at the electrodes are summarized in Fig. 2 .
Since not all particles oxidized at the generator reach the collector electrode, a regulated four electrode system is used (Fig. 1, left) : a potentiostat, whose input and output are connected to a D3.4.3 reference and to a counter electrode, respectively, provides the difference currents to the electrolyte, so that the potential of the electrolyte is held at a constant value.
The current flow at the sensor electrodes results from the contribution initially generated by the enzyme label, and from the redox-cycling related contribution at the sensor electrodes. Due to electrochemical artifacts within the phase, when the substrate is pumped over the chip, an offset current may contribute to the total detection current. For this reason, usually the derivatives of the sensor current with respect to the measurement time, ∂I col / ∂t and ∂I gen / ∂t, are evaluated instead of the absolute values. A detailed discussion of this method is given elsewhere [12] [13] [14] .
As an example, the result of a simple DNA oligo experiment is considered in the following. The measurement is performed using a test chip operated with analog outputs as discussed in [7, 10] . Relatively simple sensor site circuits are used to obtain an on-chip current gain of 100 (cf. Fig. 6 ). In Fig. 3 , the electrode currents and their derivatives are shown for one position with matching sequences and for another position with mismatching sequences. As can be seen, the absolute values of collector and generator current and the absolute values of their derivatives are very similar. Match and mismatch clearly lead to different amounts of current within the evaluation time window. The derivatives, beyond that, cancel the effect of the offset currents and lead to data with opposite signs for the match / mismatch cases within the evaluation time window. 
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CMOS INTEGRATION
The interaction of solid-state CMOS chips with the wet world of biology requires CMOS post-processing steps to provide the transducer materials such as gold or other noble metals in case of electrochemical principles [7] [8] [9] [10] [11] [15] [16] [17] [18] [19] . Processing of such materials directly within a CMOS production line is usually impossible due to contamination problems which have a significant impact on performance and yield of the CMOS devices.
In our case, the basic CMOS technology is a 5 V, 6'' n-well process specifically optimized for analog applications with a minimum gate length of 0.5 µm and an oxide thickness of 15 nm. In order to provide the required gold electrodes, a Ti/Pt/Au stack (50 nm / 50 nm / 300-500 nm) is deposited and structured using a lift-off process. This post-CMOS process flow is schematically sketched in Fig. 4 . SEM photos of the achieved results are given in Fig. 5 .
However, also in the post processing case care must be taken, that the applied processing steps do not deteriorate the quality of the CMOS devices, in particular when sensitive analog circuitry is realized. As an example we consider sensor site test circuits designed to be operated with sensor currents from 1 pA to 100 nA. They consist of two regulation loops to control the bias voltages of both electrodes, whose currents are recorded and amplified by a factor of 100 using two cascode current mirrors in series. The simplified circuit diagram of one branch is shown in the inset of Fig. 6 .
The circuits can be characterized using a test / calibration input [7] [8] [9] [10] . Fig. 6 shows the relative error of the measured gain as a function of the input current (average value of all test sites from a 16 × 8 array chip). As can be seen, data taken from a wafer after gold deposition but without further processing steps reveal a strong deviation for input currents below 10 pA. Charge pumping characterizations [20] show, that this effect coincides with very high values for the gate oxide interface state density: values above 2 × 10 11 cm -2 are obtained. Such values translate into an increased subthreshold slope of the transistors, worsened off-state characteristics, increased junction-to-substrate or junction-to-well leakage currents. Thus, they deteriorate the transfer characteristics for low currents (the most crucial circuit nodes are emphasized by asterisks in the inset of Fig. 6 ).
In order to shift this parameter back to reasonable values (e.g. of order 10 10 cm -2 ) forming gas annealing steps (N 2 , H 2 at 400 °C / 350 °C, 30 min) are applied after gold processing. They significantly reduce the interface state density again and lead to reasonable transfer characteristics as depicted in Fig. 6 as well. However, this is not the entire story: In addition to the CMOS process front-end parameters, the characteristics of the gold electrodes with and without annealing must be investigated. Measured resistance data of gold and aluminum 2 lines, and of the related via connections are given in Table 2 .
The resistance data without annealing step and with annealing at 350 °C are similar. At 400 °C however, a 20 % increase of the gold resistance occurs. The SEM photos in Fig. 7 reveal that this increase coincides with a rearrangement of grains and deformations within the gold layer. Moreover, yield characterizations of the gold electrodes show a yield loss under these conditions which is not the case for 350 °C annealing.
Consequently, annealing at 350 °C is chosen as a process window where both device and electrode properties are optimized ( Fig. 8 depicts the architecture of a user-friendly prototype array. The related chip photo is shown in Fig. 9 . The chip consists of 16 × 8 sensor positions. They are specified to be operated with sensor currents between 10 -12 A and 10 -7 A. Electrode bias voltages are provided to each sensor site by two digital-to-analog converters in the periphery of the chip. All references are generated or derived from a bandgap reference circuit. A global potentiostat is used. The sensor sites can be electrically tested and calibrated by application of calibration currents, which are generated by the calibration engine. The cost of deriving high accuracy calibration currents over five decades from a reference current from the bandgap circuit is the large area consumption of this block [21, 22] .
CHIP ARCHITECTURE AND CIRCUIT DESIGN ISSUES
The chip is connected to the reader device by six pins. Two of them are used for power supply, the remaining four pins for serial data communication. The related serial interface logic circuitry controls the operation mode of the chip, the x-and y-decoders to select the sensor sites, and a number of registers to store the control data for the digital-to-analog converters, the calibration engine, … . A more detailed discussion is given in [11] . The most important data are summarized in Table 3 . Sensor site operation at very low currents and over a large dynamic range suggests to leave the analog signal representation and to switch to the digital domain as early as possible to ensure robust signal transmission through the array, i.e. high signal integrity, and high crosstalk and disturb immunity. This is achieved by in-sensor site analog-to-digital conversion using the concept depicted in Fig. 10 for the collector branch: The voltage of the sensor electrode is controlled by a regulation loop via an operational amplifier and a source follower transistor. For analog-to-digital conversion, a current-to-frequency converting sawtooth generator concept is used, where an integrating capacitor C int is charged by the sensor current. When the switching level of the comparator is reached, a reset pulse is generated which passes through the delay stage and the capacitor is discharged by transistor M res again. The delay stage is required as a pulse shaping unit to ensure a sufficient length of the reset pulse applied to M res so that complete discharging of the integrating capacitor is guaranteed. The number of reset pulses is counted with a digital counter. The measured frequency approximately amounts to D3.4.9 Measurement error (sensor current > 10 pA) σ < 1 % Measurement error (sensor current < 10 pA)
with I electrode being the electrode current, V ref,comp the comparator switching level, and C = C int + parasitic capacitances. The chosen switching amplitude is 1 V, C is approximately 140 fF, so that frequencies are obtained between 7 Hz and 700 kHz for a sensor current range from 10 -12 A to 10 -7 A. The number of reset pulses is counted with an in-sensor-site 22-stage counter. For readout, the counter circuit is converted into a shift register by a control signal and the data are provided to the output. Further circuit design related details are given in [9] .
EVALUATION OF MEASURED RESULTS
Results from experimental electrical characterizations have already been provided in Table 3 . All specifications given there (such as current resolution and dynamic range) are fulfilled or exceeded. The last two lines of the table prove the excellent accuracy of the chip over the large dynamic range of five decades.
Measured data from DNA experiments using chip versions with analog sensor sites and on the basis of the sensor site circuit as shown in Fig. 10 are presented in [7] [8] [9] [10] (cf. also Fig. 3 ). They prove proper functionality of the chip under biological operation.
A detailed electrochemical evaluation of the chip shown in Fig. 9 is presented in [11] . There, p-Aminophenylphosphate is applied to the chip in different concentrations representing typical values as obtained in DNA experiments. An approximately linear response is obtained over nearly four decades. The achieved sensitivity and dynamic range is excellent for most typical applications.
D3.4.10
SUMMARY
An electrochemical redox-cycling based DNA detection principle using interdigitated gold electrodes is extended for application on CMOS chips, which are mandatory for medium and high density investigations. Integration and post processing issues of the transducer material gold have been discussed in detail. Architecture and organization of a user-friendly prototype array with 16 × 8 sensor positions as well as circuit design details have been considered. Experimental electrochemical and biological results prove proper operation of the considered approach.
